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Chapter 8
Cloning and Expression of Metagenomic DNA 
in Streptomyces lividans and Subsequent  
Fermentation for Optimized Production
Yuriy Rebets, Jan Kormanec, Andriy Luzhetskyy, Kristel Bernaerts, 
and Jozef Anné
Abstract
The choice of an expression system for the metagenomic DNA of interest is of vital importance for the 
detection of any particular gene or gene cluster. Most of the screens to date have used the gram-negative 
bacterium Escherichia coli as a host for metagenomic gene libraries. However, the use of E. coli introduces 
a potential host bias since only 40 % of the enzymatic activities may be readily recovered by random cloning 
in E. coli. To recover some of the remaining 60 %, alternative cloning hosts such as Streptomyces spp. have 
been used. Streptomycetes are high-GC gram-positive bacteria belonging to the Actinomycetales and they 
have been studied extensively for more than 15 years as an alternative expression system. They are extremely 
well suited for the expression of DNA from other actinomycetes and genomes of high GC content. 
Furthermore, due to its high innate, extracellular secretion capacity, Streptomyces can be a better system 
than E. coli for the production of many extracellular proteins. In this article an overview is given about the 
materials and methods for growth and successful expression and secretion of heterologous proteins from 
diverse origin using Streptomyces lividans has a host. More in detail, an overview is given about the proto-
cols of transformation, type of plasmids used and of vectors useful for integration of DNA into the host 
chromosome, and accompanying cloning strategies. In addition, various control elements for gene expres-
sion including synthetic promoters are discussed, and methods to compare their strength are described. 
Integration of the gene of interest under the control of the promoter of choice into S. lividans chromo-
some via homologous recombination using pAMR4-based system is explained. Finally a basic protocol for 
benchtop bioreactor experiments which can form the start in the production process optimization and 
upscaling is provided.
Key words Streptomyces, Expression, Cloning, Actinomycetes, Cloning vectors, Integrative vectors, 
Plasmids, Protein secretion, Fermentation
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1 Introduction
Metagenomics offers unprecedented opportunities for enzyme min-
ing and allows the diversion and exploitation of biochemical path-
ways. Both sequence-based as well as function-based appro aches are 
used. For sequence-based metagenomics, DNA from environmental 
samples is sequenced and subsequently analyzed in silico to search 
for genes of interest. Next degenerate primers are designed based on 
the amino acid sequence of the target protein, cloned in a suitable 
vector and expressed in the host of choice. For function-based 
screening microbial DNA is cloned in high capacity vectors to form 
libraries that are then transferred to an expression host. For the 
expression of genes of metagenomics DNA, Esche richia coli is most 
often used as host both for the sequence-driven approach and for 
function-based screening. However, the number of genes that are 
being expressed from these metagenomics libraries, particularly for 
function-based screening, and their corresponding functional and 
assayable proteins being synthesized is often disappointing [1]. Well-
known reasons for this are among others: low metagene expression 
in the library-hosting cell and frequent rediscovery of enzymes with 
already known functions, the latter mainly when sequence-based 
screening is used. To overcome this expression problem several 
approaches have been tested for E. coli including the use of different 
vectors, strong promoters, adapted ribosome binding site, host-spe-
cific codon optimized genes, chaperone co-expression, but often 
without success. For this reason alternative hosts are being tested 
[2], which may increase the success of functional metagenomics by 
providing expression machinery suited to genes from diverse organ-
isms [3]. Since it cannot be predicted which host is suitable for the 
expression of a particular gene, a battery of several hosts might be 
used including gram-positive bacteria. Moreover, the latter bacteria, 
in contrast to gram-negative bacteria, have the property that secre-
tory proteins are released into the culture medium potentially allow-
ing proper folding and function.
In recent years much research has been done to evaluate the 
potential of Streptomyces lividans as a host for the production of 
heterologous proteins [4] including from metagenomics-derived 
samples. S. lividans has been shown to be an interesting expression 
system for several proteins that are difficult to express in other bac-
terial host systems such as E. coli (reviewed in ref. 5). Several tools 
for the construction and functional screening of metagenomic 
libraries in S. lividans have been developed already. In addition, 
very recently the genome of S. lividans TK24 has become available 
[6] allowing to rationally design a more efficient strain optimiza-
tion strategy. Although a broad range of genes, both prokaryotic 
and eukaryotic, has been expressed in this host, S. lividans is par-
ticularly useful for the expression of genes from actinomycetes and 
genes from other genomes of high GC content. Given the abun-
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dance of actinomycetes in soil samples, it comes as no surprise that 
the first expression of metagenomic DNA in Streptomyces was of a 
soil sample [7] and resulted in the discovery of novel bioactive 
compounds. More recently, other examples of the successful use of 
S. lividans have been published [8, 9].
The recent development of E. coli–S. lividans cosmid shuttle 
vectors [10] greatly facilitates the expression of entire metagenom-
ics libraries since they allow the construction of the libraries in the 
standard host, E. coli, while the screening can be performed in 
either E. coli or S. lividans. In a next step, proteins of interest can 
easily be produced in S. lividans using a wide range of vector and 
expression systems. Novel enzymes, identified in soil and marine 
metagenomic screens, have already been produced to high levels in 
S. lividans [11, 12].
In this chapter we discuss all the protocols necessary for research-
ers to grow S. lividans TK24, the preferred host due to the absence 
of a methylation/restriction system and a low protease activity, to 
express entire metagenomics libraries and finally to express single 
genes of interest in this host. We describe the protocols of transfor-
mation, discuss Streptomyces vectors and their features, highlight gene 
expression control elements, and how they can be integrated for effi-
cient expression of the gene of interest. Furthermore, small scale 
shake flask experiments versus large scale bioreactor experiments (lab-
scale versus industrial scale) (culturing and processing conditions) are 
discussed, and how this can be used to maximize the production of 
proteins isolated from metagenomics resources.
It is important to note that, while this chapter discusses mostly 
S. lividans TK24, most of these protocols are readily applicable to 
other Streptomyces spp. and where differences occur, this is men-
tioned in Subheading 7.
2 Transformation of S. lividans
 1. Phage medium: 0.5 g MgSO4 · 7H2O, 0.74 g CaCl2 · 2H2O, 
10 g glucose, 5 g tryptone (Becton-Dickinson, cat. no. 211705), 
5 g yeast extract (Becton-Dickinson, cat. no. 288620), 5 g Lab 
Lemco powder (Oxoid, cat. no. LP0029B). Bring to 1 L with 
deionized water (dH2O). Adjust the pH of the solution to 7.2 
with 5 N NaOH and sterilize.
 2. Trace element solution: 40 mg ZnCl2, 200 mg FeCl3 · 6H2O, 
10 mg CuCl2 · 2H2O, 10 mg MnCl2 · 4H2O, 10 mg Na2B4O7 · 
10H2O, 10 mg (NH4)6Mo7O24 · 4H2O. Bring to 1 L with 
dH2O and filter-sterilize.
 3. TES-buffer: 0.25 M TES, adjusted to pH 7.2.
 4. R2 medium (modified): Dissolve 103 g sucrose, 0.25 g K2SO4, 
10.12 g MgCl2 · 6H2O, 0.1 g casamino acids (Becton-
Dickinson, cat. no. 223050), 1 g yeast extract (Becton-
2.1 Materials
2.1.1 General 
Growth Media
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Dickinson, cat. no. 288620), 5 g of Lab Lemco powder 
(Oxoid, cat. no. LP0029B). Add 100 mL TES-buffer, 2 mL of 
the trace element solution and 10 mL of a KH2PO4 (0.5 %) 
solution. Bring to 1 L with dH2O. Divide the suspension in 4× 
250 mL and add 5.5 g of agar to each Erlenmeyer flask. 
Autoclave for 20 min. Add 1/100 volume of a filter sterilized 
3.68 % CaCl2 · 2H2O and 1/1000 volume of a filter sterilized 
2 mM CuSO4 solution (see Notes 1 and 2) and pour into petri 
dishes.
 5. Glass/Teflon Potter-Elvehjem cell homogenizer (see Fig. 1 and 
Note 3).
 6. TSB medium: 30 g of Tryptone Soya Broth powder (Oxoid, 
cat. no. CM129). Bring to 1 L with dH2O (see Note 4).
 7. Bennet maltose medium [13]: 0.1 % Difco Yeast Extract, 0.1 % 
Difco Meat extract, 0.2 % Difco Tryptone, 1 % maltose, pH 
7.2, 1.5 % Difco Bacto Agar. Sterilize by autoclaving and pour 
into petri dishes.
 1. 20 % glycerol in dH2O (sterile).
 2. 3–4 day old culture of S. lividans plated on MS medium.
 3. Inoculation loop.
 4. Sterilized 10 mL syringes containing nonabsorbent cotton 
wool (see Note 5 and Fig. 2).
 5. 12 mL Falcon tube.
 6. 5 mL sterile tip with inserted cotton wool connected with a 
short silicone tube to 20 mL syringe (see Fig. 3). This instru-
ment can be used for additional filtration of the spore suspen-
sion to thoroughly remove traces of the mycelial fragments.
2.1.2 Preparation  
of S. lividans Spore 
Suspension
Fig. 1 Potter-Elvehjem cell homogenizer
Fig. 2 Syringe with cotton wool, used to filter the spore suspension
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 1. E. coli S17-1 (ATCC #4705) or E. coli ET12567[pUZ8002] 
[14] cells containing the DNA of interest (see Note 6).
 2. Lysogeny (or Luria Bertani) broth (LB): 10 g tryptone 
(Becton- Dickinson, cat. no. 211705), 5 g yeast extract 
(Becton- Dickinson, cat. no. 288620), 10 g NaCl. Bring to 1 L 
with deionized water (dH2O). Adjust to pH 7.0 with 5 N 
NaOH and sterilize.
 3. 2× YT-medium: 32 g tryptone (Becton-Dickinson, cat. no. 
211705), 20 g yeast extract (Becton-Dickinson, cat. no. 
288620), 10 g NaCl. Bring to 1 L with dH2O water and 
sterilize.
 4. Mannitol soya flour (MS) medium. Dissolve 20 g of mannitol 
in 1 L of tap water. Add 20 g of agar and 20 g of soya flour 
(see Note 7) to the solution. Autoclave twice with gentle shak-
ing between both runs. Add 10 mM MgCl2 and pour into petri 
dishes.
 5. Antibiotic stock solutions (where appropriate): ampicillin 
(50 mg/mL in dH2O), apramycin (50 mg/mL in dH2O), 
kanamycin (50 mg/mL in dH2O), nalidixic acid (25 mg/mL 
in 0.2 N NaOH), thiostrepton (50 mg/mL in DMSO).
 1. E. coli ET12567 [pUB307], BAC of cosmid library in suitable 
E. coli host strain, S. lividans lawn-grown culture.
 2. Lysogeny broth (LB): see above in Subheading 2.1.3.
 3. Sterile water.
 4. Mannitol soya flour (MS) medium: see above in Subheading 2.1.3.
 5. Antibiotic stock solutions (where appropriate): ampicillin 
(50 mg/mL in dH2O), apramycin (50 mg/mL in dH2O), 
kanamycin (50 mg/mL in dH2O), nalidixic acid (25 mg/mL 
in 0.2 N NaOH), thiostrepton (50 mg/mL in DMSO), chlor-
amphenicol (25 mg/mL in ethanol).
 1. Phage medium (see Subheading 2.1.1).
 2. 6.5 % glucose in dH2O, filter-sterilized.
 3. 20 % glycine in dH2O, autoclaved.
 4. S-medium: Dissolve in 800 mL dH2O: 4 g peptone (Becton- 
Dickinson, cat. no. 211921), 4 g yeast extract (Becton- 
Dickinson, cat. no. 288620), 0.5 g MgSO4 · 7H2O, 2 g 
KH2PO4 and 4 g K2HPO4. Divide in 3× 266 mL and autoclave 
for 20 min. Add 50 mL of 6.5 % glucose solution and 0.8 % 
glycine (final concentration) to 266 mL medium (see Note 8).
 5. A preculture of S. lividans in 5 mL phage medium, grown at 
300 rpm for 48 h.
 6. A sterile 0.9 % NaCl solution.
2.1.3 Plasmid 
Conjugation Between  
E. coli and S. lividans
2.1.4 Triparental Mating
2.1.5 Preparation of 
Streptomyces Protoplasts
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 7. Trace element solution (see Subheading 2.1.1).
 8. TES-buffer (see Subheading 2.1.1).
 9. PTC buffer: 103 g sucrose, 0.25 g K2SO4, 2.03 g MgCl2 · 6H2O, 
2.94 g CaCl2 · 2H2O, 80 mL TES-buffer, 2 mL trace element 
solution. Bring to 1 L with dH2O and autoclave.
 10. Lysozyme (Roche diagnostics, cat. no. 10837059001).
 1. PTC buffer (see Subheading 2.1.5).
 2. Filter-sterilized solution of 35 % PEG6000 (NBS Biologicals, 
cat. no. 14808-C) (see Note 9) in PTC buffer.
 3. R2 medium (see Subheading 2.1.1).
 4. Stock solutions of the appropriate antibiotics.
S. lividans, and Streptomyces spp. in general, are relatively easy to 
grow. However, S. lividans grows much slower than E. coli: a 5 mL 
culture can take 48 h to grow to a sufficient density for further 
experiments. Contrary to E. coli, S. lividans does not show fully 
dispersed growth but tends to grow as pellets of mycelium. These 
pellets can be troublesome to work with, especially when using one 
culture to inoculate a second one. Mechanical homogenization, or 
the addition of dispersants or 2 mm glass beads to the medium can 
greatly reduce this pelleted growth. Here we describe a basic work-
flow to grow Streptomyces spp. starting from a colony obtained as a 
spore suspension or glycerol stock and leading to a 50 mL flask 
culture.
 1. Pour 20 mL of R2 medium into a standard petri dish and 
spread 100 μL of the spore suspension or glycerol stock on the 
agar using a glass spreader (see Note 10).
 2. After 2–3 days, use an inoculation loop to pick up a single 
colony and suspend this colony in 5 mL phage medium. 
This culture can be used as a starter for the 50 mL flask culture 
(see Note 11).
 3. Incubate at 27 °C at 300 rpm for 48–60 h.
 4. Pour the culture into a glass cell homogenizer and move the 
Teflon piston up and down in the culture to homogenize the 
mycelium pellets (see Note 12).
 5. Pipette 1 mL of this homogenized culture suspension into an 
Erlenmeyer flask containing 50 mL of TSB medium and incu-
bate this culture at 27 °C at 300 rpm. After 24–48 h of growth, 
this culture can be used for further analysis (e.g., enzymatic 
activity, secondary metabolites).
Streptomyces spore suspensions are a very useful tool. They are eas-
ier to work with than with standard glycerol stocks (20 % final glyc-
erol concentration) and inoculation with spore suspension usually 
results in cultures that faster reach the required density for further 
2.1.6 Protoplast 
Transformation
2.2 Methods
2.2.1 Growth  
of S. lividans
2.2.2 Preparation  
of S. lividans Spore 
Suspension
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experiments (DNA/RNA isolation, enzyme assays, …). 
Furthermore, conjugation to spores is more efficient than conjuga-
tion to mycelial fragments. Therefore spore suspensions are essen-
tial when conjugating a metagenomic DNA library from E. coli to 
S. lividans.
 1. Pour 4 MS plates, adding any necessary antibiotics to the plate.
 2. Spread 1 mL of an overnight culture of S. lividans grown in 
phage-medium on each plate.
 3. Incubate the plates for 4–5 days at 30 °C (see Note 13).
 4. Add 9 mL of sterile dH2O to the plate.
 5. Use an inoculation loop or sterile cotton bud to harvest the 
spores by gently scraping the surface of the culture. Gradually 
increase the pressure on the surface and scrape more vigor-
ously, without damaging the agar layer.
 6. Pipette or pour the spore suspension into a 12 mL Falcon tube 
and vortex the suspension at maximum setting to break the 
spore chains.
 7. Filter the suspension through a sterile syringe containing non-
absorbent cotton wool (see Note 5 and Fig. 2) and collect in a 
12 mL Falcon tube.
 8. To remove traces of mycelial fragments thoroughly, filter this 
spore suspension through the 5 mL sterile tip with inserted 
cotton wool connected with a short silicone tube to a 20 mL 
syringe (see Fig. 3).
 9. Spin the Falcon tube at 5000 × g for 5 min and immediately 
pour off the supernatant.
 10. Resuspend the spores in 1–2 mL of sterile 20 % glycerol and 
vortex briefly. Freeze at −20 °C.
 11. It is often desirable to have a rough idea of the amount of 
spores. Therefore, take 1 μL of the spore suspension and use 
this to make tenfold dilutions (down to 10−9) in dH2O. Plate 
these dilutions on MS medium and incubate at 27–30 °C for 
2–3 days after which a CFU count can be made. For this count-
ing, it is better to use transparent Bennet medium.
Fig. 3 5 mL sterile tip with inserted cotton wool connected with a short silicone tube to a 20 mL syringe used 
for additional filtration of the spore suspension
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Depending on the type of vector used introducing DNA into 
S. lividans can be done either by protoplast transformation or by 
conjugation. The latter has several advantages, the main one being 
that the vectors can replicate in E. coli, greatly facilitating the pro-
duction of the required constructs. Furthermore, protoplast trans-
formation is very inefficient when large DNA fragments such as 
cosmids are introduced, while having very little influence on the 
conjugation efficiency.
Different Streptomyces vectors and their features are described 
in heading 3. E. coli–S. lividans cosmid shuttle vectors allow the 
construction of libraries using the standard host E. coli, but 
the subsequent screening can be performed employing E. coli or 
S. lividans as hosts. Here we describe a standard protocol to 
 perform the conjugation of these or other cosmids from E. coli to 
S. lividans.
 1. Transform competent E. coli S17-1 (ATCC #4705) or E. coli 
ET12567 [pUZ8002] cells containing the DNA of interest 
with the oriT containing cosmid (see Note 6).
 2. Inoculate the cells of a colony into 5 mL of LB medium, 
 supplemented with the appropriate antibiotic(s) to select 
for the oriT containing plasmid and grow overnight at 30 °C 
(see Note 14).
 3. Dilute the overnight culture 1:100 in fresh LB medium and 
grow at 37 °C to an OD600 of 0.4–0.5.
 4. Centrifuge the cells at 5000 × g for 5 min.
 5. Decant the supernatant and resuspend the cell pellet in an 
equal volume of ice cold LB.
 6. Repeat steps 4–5–4 in this order
 7. Finally, resuspend the cell pellet in 0.1 volume of ice cold LB 
and place the suspension on ice.
 8. While washing the E. coli cells, add 108 S. lividans spores to 
0.5 mL of 2× YT medium.
 9. Centrifuge the spores at 13,000 × g for 1 min
 10. Decant the supernatant and resuspend the spores in 0.5 mL of 
2× YT medium.
 11. Repeat steps 9–10–9–10 in this order
 12. Use a heat block to incubate the spore mix at 59 °C for 10 min, 
then allow the mixture to cool to room temperature.
 13. Add 500 μL of the E. coli cells to the spore mixture. Vortex and 
spin briefly.
 14. Pour off the supernatant and resuspend the pellet in the 
remaining fluid.
 15. Plate on MS agar [15] supplemented with 10 mM MgCl2  
(see Note 15) and incubate the plates at 27–30 °C for 16–20 h.
2.2.3 Plasmid/Cosmid 
Conjugation from E. coli 
to S. lividans
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 16. Overlay the plate with 1 mL dH2O containing 0.5 mg nalidixic 
acid and the appropriate antibiotic to select for proper excon-
jugants (see Note 16).
 17. Spread the antibiotic solution evenly (see Note 17).
 18. Continue incubation at 27–30 °C for 3–4 more days.
 19. Pick off potential exconjugants to selective media containing 
(25 μg/ml) and proper antibiotic for plasmid selection.
 1. Inoculate cells of a colony of E. coli ET12567 (pUB307) into 
5 mL of LB medium, supplemented with chloramphenicol 
(25 μg/mL) and kanamycin (25 μg/mL), grow overnight at 
37 °C (but not more than 16 h).
 2. Inoculate E. coli carrying the BAC or cosmid library based on 
oriT containing vector from a glycerol stock into 5 mL of LB 
medium supplemented with the appropriate antibiotic. Grow 
overnight at 37 °C.
 3. Centrifuge the cells at 5000 × g for 5 min.
 4. Decant the supernatant, wash the cells with 5 mL of LB to 
remove antibiotics. Centrifuge the cells at 5000 × g for 5 min.
 5. Resuspend the cell pellet in 0.5 mL of LB and place the sus-
pension on ice.
 6. While washing the E. coli cells prepare S. lividans spore suspen-
sion in sterile water or TSB medium. Transfer the spores into 
1.5 mL microcentrifuge tubes.
 7. Centrifuge the spores at 13,000 × g for 1 min.
 8. Decant the supernatant and resuspend the spores in the 
remaining liquid.
 9. Incubate the spores at 42–45 °C for 10 min, then allow cool-
ing to room temperature (We have found that lowering the 
temperature for spore heat shock increases the efficiency of 
plasmid transfer).
 10. Add 100 μL of the E. coli helper and donor cells to the spore 
mixture. Vortex.
 11. Plate on MS agar [15] supplemented with 10 mM MgCl2  
(see Note 15) and incubate the plates at 27–30 °C for 12 h.
 12. Overlay the plate with 1 mL dH2O containing 0.5 mg nalidixic 
acid and the appropriate antibiotic (for apramycin 1 mg should 
be used) to select for successful exconjugants (see Note 16).
 13. Spread the antibiotic solution evenly (see Note 17).
 14. Continue incubation at 27–30 °C for 3–4 more days.
 15. Pick off potential exconjugants to selective media containing 
nalidixic acid (25 μg/mL) and antibiotic for plasmid selection.
2.2.4 Triparental Mating
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Once an enzymatic activity (or a bioactive compound) of interest 
has been identified in an S. lividans library, it might be desirable to 
express a single gene instead of an entire genome region. Several 
vector and expression systems are currently available for S. lividans, 
with different advantages and disadvantages [4, 15]. The expres-
sion cassette can be constructed either in shuttle vectors which can 
replicate in both E. coli and S. lividans, or immediately in an S. livi­
dans vector. In the former case, S. lividans will have to be trans-
formed with purified plasmid DNA, while in the latter case they 
have to be transformed with a ligation mixture. Transformation of 
S. lividans cells is done using protoplasts. S. lividans protoplasts 
can be readily transformed by plasmid DNA at very high frequency 
in the presence of PEG. In the two following paragraphs, the pro-
tocol for the preparation and transformation of protoplasts is 
discussed.
 1. Preculture S. lividans in 5 mL phage-medium for 48 h. If nec-
essary, add the appropriate antibiotic.
 2. Homogenize culture (as described in Subheading 2.2.1) and 
inoculate 50 mL S-medium with 2 mL preculture. Incubate 
this culture at 27–30 °C at 280 rpm for 20–24 h.
 3. Harvest the culture by centrifugation at 5000 × g for 5 min
 4. Decant the supernatant and resuspend the cells in 0.9 % NaCl.
 5. Centrifuge the cells at 5000 × g for 5 min
 6. Carefully decant the supernatant and resuspend the cells in 
15 mL PTC-buffer.
 7. Centrifuge the cells at 5000 × g for 5 min
 8. During this centrifugation step, prepare, per sample, 5.5 mL of 
PTC-buffer containing 10 mg/mL of lysozyme and filter- 
sterilize this solution.
 9. Resuspend the cell pellet in 5 mL of the lysozyme solution and 
incubate the cell suspension at 27–30 °C on a shaker (120 rpm) 
for 15–30 min (see Note 18).
 10. Check the formation of protoplasts using a microscope  
(see Note 19).
 11. When enough protoplasts are formed, continue to step 12, 
otherwise prolong the incubation in the lysozyme solution.
 12. Add 10 mL PTC buffer, gently pipette the suspension up and 
down and centrifuge the suspension at 800 rpm. This will leave 
the protoplasts in suspension while the mycelium fragments 
will form a pellet.
 13. Gently transfer the protoplast containing supernatant to 
another tube.
 14. Centrifuge the suspension at 5000 × g for 5 min.
2.2.5 Preparation 
of Streptomyces 
Protoplasts
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 15. Decant the supernatant and resuspend the protoplasts in 
10 mL of PTC buffer.
 16. Centrifuge the suspension at 5000 × g for 5 min.
 17. Decant the supernatant and resuspend the protoplasts in PTC 
buffer to an OD600 of ~1.0.
 18. Divide the protoplast suspension in aliquots of 0.4–1.4 mL 
(0.2 mL needed for a transformation) and put them in the 
freezer (−80 °C).
 1. Take the protoplasts suspension out of the freezer and thaw it 
quickly (see Note 20) without too much heating.
 2. Put 200 μL of the thawed protoplast suspension in an 
Eppendorf tube.
 3. Add the DNA (or ligation mixture) to the protoplast suspen-
sion and mix gently by pipetting up and down.
 4. Immediately add 500 μL of the 35 % PEG6000 solution and 
mix by gently pipetting up and down.
 5. Leave the mixture at room temperature for 5 min.
 6. Plate the mixture on R2 plates (see Note 21) and incubate the 
plates at 27–30 °C for 16–20 h allowing the protoplasts to 
regenerate.
 7. Overlay the plate with 1 mL dH2O containing the appropriate 
antibiotic (see Note 16).
 8. Spread the antibiotic solution evenly (see Note 17).
3 Streptomyces Vectors and Their Features
Efficient library generation is a necessary prerequisite for the 
 successful screening of metagenomic samples for desired features. 
The use of S. lividans as a host requires dedicated vectors for library 
generation, screening and expression of genes of interest. Depen-
dent on the desired size of the insert, the plasmid, cosmid, or BAC 
vectors are available. The majority of the current vectors can be 
maintained in E. coli and Streptomyces.
The plasmid-based vectors allow cloning of small inserts up to 
15 kb thus increasing the number of clones in the library required 
for sufficient coverage. This subsequently increases the number of 
clones to be screened. The plasmid vectors are not suitable for 
cloning pathways that are encoded by large operons or gene clus-
ters. On the other hand, cloning in plasmid vectors is technically 
simple and set lower requirements to the DNA samples quality. 
A relatively high copy number of plasmids allow detection of 
weakly expressed genes. Lastly, the plasmid vectors can be easily 
reacquired from S. lividans.
2.2.6 Protoplast 
Transformation
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Several cosmids and BAC shuttle vectors for Streptomyces are 
also available. The inserts up to 300 kb (with average inserts size 
of around 150 kb) can be cloned and efficiently introduced into 
S. lividans using these vectors. Most of the Streptomyces cosmid 
and BAC vectors are integrative but several low copy number rep-
licatives exist. These vectors are suitable for cloning large operons 
or gene clusters. The large insert size decreases the size of the 
library and thus screening efforts. Otherwise construction of 
library requires high quality DNA samples especially in terms of 
fragment size. The recovery of cosmid or BAC clones from the 
Streptomyces host is more difficult or impossible. The cosmid and 
BAC based libraries are mostly used for screening in E. coli fol-
lowed by expression of selected clones in the Streptomyces host.
The general features of Streptomyces vectors are described in 
Table 1. Protocols for plasmid and genomic DNA preparation as 
well as several key Streptomyces promoters used for gene expression 
and their characteristics will be discussed. Protocols for cloning the 
target gene under control of promoter as well as modification of 
large insert cosmid or BAC clone are described.
Three types of vectors can be propagated in Streptomyces: 
(1) replicative vectors containing autonomous replication origins. 
(2) Integrative vectors inserted into Streptomyces chromosomes by 
site- specific integration. (3) Vectors which are able to integrate 
DNA via homologous recombination between cloned DNA and 
the Streptomyces chromosome.
 1. Replicative plasmid vectors
Most of the replicative vectors for Streptomyces are built around 
replicons originating from natural plasmids. The replicon of 
the high copy number plasmid pIJ101 isolated from S. lividans 
ISP5434 is used in many vectors [34]. It provides up to 300 
copies per chromosome. pSG5 is a natural temperature- 
sensitive plasmid isolated from S. ghanaensis [35]. This plas-
mid has a moderate copy number of up to 50 copies per 
chromosome and is used in vectors, mainly for gene inactiva-
tion, but also for gene cloning and expression. SCP2 is a large 
conjugative plasmid isolated from S. coelicolor A3(2) [36]. The 
high fertility variant SCP2* was studied in detail and its repli-
con was used for construction of cloning vectors [37, 38]. 
SCP2* is a low copy number plasmids (1–5 copies per chro-
mosome). SCP2* based vectors are highly stable and suitable 
for cloning inserts of large size. The specific partition function 
is required to ensure the stable inheritance of large constructs. 
Some of the SCP2* based vectors lack it and should be main-
tained under antibiotic pressure. A high copy number variant 
of SCP2* replicon (from 10 to up to 1000 copies per chromo-
some) lacking 45 bp (SCP2α) was described [39]. However, 
these plasmids are unstable and found limited use [40]. Several 
other natural plasmids are used to construct Streptomyces 
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 vectors. Among them pJV1, with the replicon similar to 
pIJ101, but with lower copy number (up to 150 copies per 
chromosome). Low copy number (1–10 copies per chromo-
some) S. coelicolor episome SLP1.2 is used in several vectors 
strictly dedicated to S. lividans, since it integrates into the 
chromosome of other strains.
 2. Integrative plasmid and phage vectors
The vectors based both on bacteriophage and plasmids inte-
gration systems are found in a wide array of applications in 
Streptomyces genetics due to the stable inheritance in absence 
of selective pressure. Despite the obvious advantages of inte-
grative vectors the main drawback for their utilization in 
metagenomics libraries construction is the difficulty in recover-
ing the construct of interest from the selected clone. Due to 
this, metagenomics libraries based on integrative BACs or cos-
mids are usually prescreened in E. coli and selected clones are 
then functionally tested in Streptomyces. Recently, the cosmid 
vector pMM436, derivative of the commonly used pOJ436, 
was published [8]. The introduction of the rare PacI recog-
nition sites flanking the integration system of the vector 
allows retrieving the entire construct from the selected positive 
S. lividans clone.
The integrase gene (int) and attP site of the wide host range 
actinophage φC31 are used in the majority of integrative vectors 
for streptomycetes. The phage φC31 lysogenizes its host by site-
specific recombination between the attP site and chromosomal 
attB site [41]. The small size of the integrase gene and attP locus 
makes construction of small integrative vectors based on φC31 
system possible. The majority of the investigated Streptomycetes 
has one attB site for φC31 in the chromosome, however some 
species might carry one or more pseudo attB sites resulting in 
integration of two copies of the vector [42, 43].
As alternative to the φC31 system S. venezuelae ETH14630 
VWB actinophage int-att locus is used for integrative vectors 
construction [44]. The VWB system has a broad host specificity 
and can be used not only in S. venezuelae and S. lividans but in 
many other streptomycetes [26]. Several other phage systems 
were applied for vectors construction including φBT1 phage 
from S. coelicolor J1929 [45], SV1 from S. venezuelae [46], and 
TG1 from S. avermitilis [47].
pSAM2 episomal plasmid found in S. ambofaciens JI3212 
was shown to exist both as ccc-plasmid and integrated into a 
tRNApro gene [48, 49]. It integrates into the chromosome by 
site-specific recombination. The int and xis genes with attP site 
and rep operon of pSAM2 were used for integrative vector con-
structions [50].
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 3. Vectors integrating DNA into Streptomyces chromosome via 
homologous recombination
Homologous recombination is a highly conserved process 
present in all forms of life, from bacteria to eukaryotes [51]. 
Several vectors based on this process (e.g., pKC1132; [23]) 
have been developed in Streptomyces spp., mainly for disrup-
tion or deletion of genes. Such deletion in streptomycetes gen-
erally involves the use of a non-replicative vector carrying 
targeted DNA, with selection for antibiotic resistance resulting 
in integration of the construct into the Streptomyces genome by 
homologous recombination, yielding the first crossover recom-
binant. The resulting strain is then screened for loss of the 
resistance marker encoded in the vector to identify the required 
second crossover recombination. However, it can be a very 
laborious and time- consuming process requiring screening 
hundreds of colonies. Thus the main obstacle for these vectors 
is positive selection for double crossover. Recently, we have 
overcome this problem by creation of pAMR4 plasmid vector 
with positive selection of a double crossover event [33]. This 
non-replicative plasmid contains the apramycin resistance gene 
with the conjugational oriT flanked by two polylinkers with 
several single sites for the rare restriction enzymes used in 
streptomycetes. In addition, it contains a kanamycin resistance 
gene which also directs the expression of the downstream bpsA 
gene encoding the biosynthetic enzyme for blue pigment indi-
goidine. The double crossover recombinants can be easily rec-
ognized as non-colored colonies (Fig. 4).
In addition to its use for deletion of genes in Streptomyces, 
pAMR4 can be used also for efficient and stable integration of 
foreign DNA into the Streptomyces chromosome. This foreign 
DNA could contain genes under the control of various pro-
moters, or cluster of genes for biosynthesis of the metabolite of 
interest. In comparison with the integrative plasmids, this vec-
tor system has several advantages. It is more stable and can 
integrate foreign DNA to any position in the chromosome. 
Moreover, it can be used for any Streptomyces spp.
Other Features of Streptomyces Plasmids
 1. Antibiotics resistance selection markers
Streptomycetes are resistant to a large number of antibiotics 
used as selection marker. S. lividans is resistant to tetracycline, 
erythromycin, chloramphenicol and β-lactams, limiting the 
choice of selective markers. Most of the current Streptomyces 
vectors harbor aac(3)IV apramycin resistance and tsr thiostrep-
ton resistance genes (Tables 1 and 2) [53, 54]. aac(3)IV is 
used in many vectors due to its extremely low frequency 
of resistant mutations, its bifunctionality (it is active in both 
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Table 2 
Antibiotic resistance selective markers for use in Streptomyces
Gene Function Resistance Sa (μg/mL) Eb (μg/mL) Origin
aac(3)IV apramycin 
acetyltransferase
apramycin 100 50 Klebsiella 
pneumoniae
aacC1 gentamicin 
acetyltransferase
gentamicin 20 10 E. coli Tn1696
aadA spectinomycin 
adenyltransferase
spectinomycin/
streptomycin
100/50 50/25 Pseudomonas 
plasmid R100.1
hyg hygromycin 
phosphotransferase
hygromycin 50 50–100 S. hygroscopicus
neo/aphII aminoglycoside 
phosphotransferase
neomycin/
kanamycin
100/100 – E. coli Tn5
tsr 23S rRNA methylase thiostrepton 50 – S. azureus
vph viomycin 
phosphotransferase
viomycin 50 50 S. vinaceus
ermE 23S rRNA 
dimethylase
erythromycin 20 – Saccharopolyspora 
erythraea
aS—concentration to be used for selection in Streptomyces strains
bE—concentration to be used for selection in E. coli
NotI, XbaI, SpeI, MfeI, BsrGI, NheI, NdeI, ClaI, BamHI, PstI, XbaI
KpnI
EcoRI
ApaI
NotI
KpnI
EcoRI
EcoRI
EcoRI
BsrGI
EcoRV
bpsA
bla
ori oriTFRT
neo
aac(3)IV
FRT
pAMR4
A B
top of the plate
bottom of the plate
10.5 kb
XbaI, PciI, AvrII, AfIII, EcoRI, KpnI, HindIII
Fig. 4 (a) Restriction map of the plasmid pAMR4. It contains the promoterless bpsA gene, the kanamycin 
resistance gene from Tn5 (neo), and the apramycin resistance gene aac3(IV) with oriT and FRT regions from 
the plasmid pIJ773 [52] in the backbone of the E. coli plasmid pBluescript II SK+. Unique restriction sites are 
colored red. (b) Example of colonies of TK24 after conjugation of the plasmid pAct1LL to delete the actinorho-
din cluster [33] to distinguish between single crossover (blue colonies) and double crossover (white colonies)
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E. coli and Streptomyces) and it is a non-expensive drug. The tsr 
marker cannot be used in E. coli as a consequence of natural 
resistance. Vectors carrying the tsr gene also have an additional 
marker mainly bla for selection in E. coli. Care should be taken 
when growing the strains with tsr gene on MS medium since 
higher thiostrepton concentration might be required due to 
background growth. aadA spectinomycin/streptomycin and 
hyg hygromycin resistance genes are also used in some vectors 
as alternative to aac(3)IV and tsr. Both genes are active in 
E. coli and Streptomyces. The hygromycin selection in E. coli 
strongly depends on the salt concentration in the medium. 
Media with higher sodium chloride concentrations require 
higher concentration of the antibiotic.
 2. The transfer function for intergeneric E. coli–Streptomyces 
conjugation
Most of the current E. coli–Streptomyces shuttle vectors carry 
the oriT fragment of the broad host range plasmid RK2 (RP4) 
for DNA transfer by conjugation [55]. The use of methylation- 
deficient E. coli as plasmid donor helps to overcome the restric-
tion systems present in most of Streptomyces strains [56, 57]. 
Also, triparental conjugation is often used in the case of 
metagenomics libraries to avoid DNA purification step. 
Attention should be paid to the E. coli strain used in the tripa-
rental conjugation. Strains with integrated tra genes (E. coli 
S17-1) or tra genes on a plasmid lacking the oriT (E. coli 
ET12567/pUZ8002) cannot be used as a helper. Strains with 
plasmids carrying transfer function and oriT site like pRK2013 
or pUB307 are the most efficient in this procedure.
 1. 2 and 1.5 mL microcentrifuge tubes, microcentrifuge with at 
least 15,000 × g, water bath 37 °C, ice bath.
 2. Small 2–4-day-old culture (TSB, YEME or Phage medium) of 
S. lividans strain harboring the plasmid of interest. Yeast 
extract-malt extract medium (YEME): yeast extract—3 g/L, 
Bacto peptone—5 g/L, oxoid malt extract 3 g/L; glucose 
10 g/L, sucrose 340 g/L. Mix all ingredients and dissolve in 
1 L of  distilled water. After autoclaving add 2 mL/L of 2.5 M 
MgCl2 · 6H2O solution (final concentration 5 mM). For TSB 
and Phage medium (see Subheading 2.1.1).
 3. STE Buffer: 75 mM NaCl, 25 mM EDTA, 20 mM Tris–HCl 
(pH 8.0).
 4. Lysozyme solution 50 mg/mL in STE buffer. RNase A solu-
tion 1 mg/mL.
 5. SDS/NaOH buffer—1 % SDS, 0.2 N NaOH. Prepare fresh. 
Mix 2 mL of 1 N NaOH, 1 mL of 10 % SDS and 7 mL of dis-
tilled water.
3.1 Materials
3.1.1 Isolation of pDNA 
by Alkaline Lysis 
with Potassium Acetate 
Precipitation
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 6. 3 M potassium acetate, pH 4.8. Mix 60 mL of 5 M potassium 
acetate, 11.5 mL of glacial acetic acid and 28.5 mL of distilled 
water.
 7. Isopropanol, 70 % ethanol, 5 M potassium acetate, 5 M sodium 
chloride.
 8. TE buffer. 1 mM EDTA, 10 mM Tris–HCl (pH 8.0).
 1. 50 mL conical centrifuge tubes, centrifuge for 50 mL tubes 
with at least 15,000 × g, water bath 37 °C, freezer −20 °C, ice 
bath, glass microscopy slide, QIAGEN Plasmid Midi kit with 
QIAGEN-tip 100.
 2. 50–100 mL 2–4 days old culture of S. lividans strain harboring 
the plasmid in TSB, YEME or Phage medium.
 3. 10.3 % sucrose solution, sterilized by autoclaving.
 4. Lysozyme. Weight 50 mg of lysozyme into 50 mL tube. Dis-
solve the enzyme in 10 mL of P1 buffer. Store on ice before use.
 5. P1 (resuspension) buffer: 50 mM Tris–HCl (pH 8.0), 10 mM 
EDTA, RNase A 100 μg/mL (RNase is optional, already 
 supplemented in QIAGEN Plasmid Midi kit). P2 (lysis buffer): 
200 mM NaOH, 1 % SDS (v/v). P3 (neutralization) buffer: 
3 M potassium acetate (pH 5.5). QBT (equilibration) buffer: 
750 mM NaCl, 50 mM MOPS (pH 7.0), 15 % isopropanol 
(v/v), 0.15 % Triton X-100 (v/v). QC (washing) buffer: 1.0 M 
NaCl, 50 mM MOPS (pH 7.0), 15 % isopropanol (v/v). QF 
(elution) buffer: 1.25 M NaCl, 50 mM Tris–HCl (pH 8.5), 
15 % isopropanol (v/v).
 6. RNase A solution 10 mg/mL, 10 % SDS solution, Isopropanol, 
70 % ethanol, TE buffer, pH 8.0.
 1. 2 and 1.5 mL microcentrifuge tubes, microcentrifuge with at 
least 16,000–18,000 × g speed, water bath 37 and 65 °C, ice 
bath.
 2. STE25 buffer, 75 mM NaCl, 25 mM EDTA, 25 mM Tris–
HCl (pH 8.0).
 3. RNase A solution, 10 mg/mL.
 4. Lysozyme. Weight 50 mg of lysozyme in 50 mL tube. Dissolve 
the enzyme in 10 mL of STE25 buffer. Store on ice before use.
 5. 5 M sodium chloride, 10 % SDS, 5 M potassium acetate, iso-
propanol, 70 % ethanol.
 1. 50 mL conical centrifuge tubes, 2 mL microcentrifuge tube, 
centrifuge for 50 mL tubes with at least 5000 × g, water bath 
37 and 55 °C, ice bath, microscopy slide.
 2. STE25 buffer, 75 mM NaCl, 25 mM EDTA, 25 mM Tris–
HCl (pH 8.0).
3.1.2 Isolation of Low- 
Copy Number Plasmids 
from S. lividans Using 
the QIAGEN Plasmid  
Midi Kit
3.1.3 Miniprep Isolation 
of Total DNA 
with Potassium Acetate 
Precipitation
3.1.4 Salting 
Out Protocol for Isolation 
of Genomic DNA
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 3. Proteinase K solution: dissolve 20 mg of proteinase K in 1 mL 
of buffer containing 20 mM Tris–HCl (pH 8.0), 3 mM CaCl 
and 40 % glycerol. Store at −20 °C.
 4. 10 % SDS, 5 M sodium chloride, chloroform, isopropanol, 
70 % ethanol, TE buffer.
 5. Pasteur pipette. Seal the end of the glass pipette by keeping it 
in the flame for a few seconds. The tip could be bent to form a 
hook (Fig. 5).
Several protocols for plasmid DNA purification from Streptomyces 
cells were successfully adapted. In all cases the efficiency of plasmid 
purification depends on the replicon used in the vector, age of the 
culture, size of the plasmid. The small replicative shuttle plasmids 
with pIJ101 or pSG5 replicon can be easily purified from recombi-
nant S. lividans using the protocol described below. Generated 
pDNA is suitable for further manipulations like for PCR, E. coli 
transformation, and restriction endonucleases mapping. The DNA 
is not suitable for sequencing. For large constructs with low copy 
number and for sequencing purposes, an alternative protocol is 
described using the QIAGEN pDNA isolation kit.
 1. Transfer 0.5–1 mL of 2–4 days old culture of S. lividans 
 containing the pDNA into 2 mL tube. Harvest cells by cen-
trifugation at 5,000 × g for 5 min. Decant the supernatant (see 
Note 22).
 2. Wash cells with 1 mL of STE buffer (see Note 23).
 3. Resuspend cells in 180 μL of STE buffer; add 20 μL lysozyme 
solution to a final concentration of 5 mg/mL. Add 4 μL of 
RNase A solution (final concentration 20 μg/mL). Incubate 
30 min at 37 °C.
 4. Add 400 μL of SDS/NaOH buffer, mix by inverting several 
times (do not shake or vortex). Incubate at RT for 10–15 min.
 5. Add 300 μL of 3 M potassium acetate pH 4.8. Mix by invert-
ing. Place on ice for 10 min.
 6. Centrifuge for 10 min at 16,000–18,000 × g. Transfer superna-
tant into new 1.5 mL tube.
 7. Add 540 μL of room temperature isopropanol. Mix by invert-
ing. Centrifuge for 10 min at 16,000–18,000 × g. Decant 
supernatant.
3.2 Methods
3.2.1 Plasmid DNA 
Purification
Isolation of pDNA by 
Alkaline Lysis 
with Potassium Acetate 
Precipitation
Fig. 5 Sealed Pasteur pipette for spooling the total DNA from solution
Expression of Metagenomic DNA in S. lividans and Production Optimization
120
 8. Optional. Spin down tube for a few seconds. Remove all liquid, 
dry at room temperature and subsequently dissolve in 500 μL 
of TE buffer. Add 30 μL of 5 M potassium acetate (unbuf-
fered), 30 μL of 5 M sodium chloride, and 920 μL of ethanol. 
Mix by inverting. Centrifuge for 10 min at 16,000–18,000 × g. 
Decant supernatant (see Note 24).
 9. Add 700 μL of 70 % ethanol. Centrifuge for 5 min at 16,000–
18,000 × g. Decant supernatant. Spin down for a few seconds 
and remove all liquid. Dry the DNA at RT.
 10. Dissolve the DNA in 30–50 μL of TE buffer.
This protocol is suitable for large size low copy number plasmid 
and cosmid constructs. The yield and purity of DNA is sufficient 
for enzymatic digestion and sequencing.
 1. Harvest the bacterial cells by centrifugation at 5000 × g for 
10 min at 4 °C. S. lividans TSB grown culture from 50 to 
100 mL of media is sufficient for this protocol. Collect biomass 
in one sterile 50 mL centrifuge tube.
 2. Wash the pellet in 20–30 mL 10.3 % sucrose. Centrifuge at 
3000 × g for 10 min. Freeze at −20 °C.
 3. Add 8 mL Buffer P1 containing 5 mg/mL of lysozyme. 
Resuspend the cells. Incubate 30–60 min at 37 °C, mix by 
inversion every 15 min. Control the lysis by mixing 10 μL of 
cell suspension with 1 μL of 10 % SDS on a microscope slide.
 4. Add 8 mL of Buffer P2, mix gently inverting 4–6 times, incu-
bate at room temperature for 5–15 min (see Note 25).
 5. Add 8 mL of chilled Buffer P3, mix immediately by inverting 
4–6 times, and incubate on ice for 30–60 min.
 6. Centrifuge at 15,000–20,000 × g for 30 min at 4 °C. Gently 
transfer supernatant containing DNA into new tube.
 7. Centrifuge for another 10 min at 15,000–20,000 × g.
 8. During centrifugation equilibrate a QIAGEN-tip 100 by 
applying 4 mL Buffer QBT. Allow the column to empty by 
gravity flow (2 min) (see Note 26).
 9. Apply the supernatant immediately after centrifugation to the 
QIAGEN-tip 100 and allow it to flow through the resin by 
gravity flow (5 min) (see Note 27).
 10. Wash the QIAGEN-tip 100 with 2× 10 mL Buffer QC.
 11. Elute the DNA with 5 mL Buffer QF (see Note 28).
 12. Combine the eluted DNA solution in one tube. Add 7 mL 
room temperature isopropanol. Mix by inverting.
 13. Centrifuge at 15,000 × g for 30 min at 4 °C.
Isolation of Low-Copy 
Number Plasmids  
from S. lividans Using 
the QIAGEN Plasmid  
Midi Kit
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 14. Wash the DNA pellet twice with 1 mL ice-cold 70 % ethanol, 
centrifuge at 15,000 × g for 10 min, and carefully decant the 
supernatant without disturbing the pellet. Spin down for a few 
seconds and remove all liquid.
 15. Air-dry the pellet for 5 min and dissolve the DNA in 50–100 μL 
TE by incubation at 4 °C overnight.
In many cases the plasmid DNA cannot be directly obtained from 
S. lividans culture due to large size, low copy number, integration 
into chromosome. In such cases the construct can be recovered by 
isolation of the total DNA. The replicative constructs can then be 
used to transform E. coli and subsequently be purified. Here we 
describe two protocols for isolation of total DNA from S. lividans 
and other actinobacteria.
This procedure is simple and a fast way to purify total DNA from 
Streptomyces strains. The entire protocol takes around 2 h. The 
DNA might still contain contaminating proteins and polysaccha-
rides, but is suitable for downstream applications like enzymatic 
digestion, DNA hybridization, and PCR.
 1. Transfer 1 mL of 2–3 days old culture of S. lividans into 2 mL 
centrifuge tube. Harvest biomass by centrifugation for 1 min 
at 5,000 × g. Decant supernatant.
 2. Wash cells with 1 mL of STE25 buffer.
 3. Resuspend cells in 450 μL of STE25 buffer containing RNase 
A (20 μg/mL final concentration) and lysozyme 5 mg/mL. 
Incubate at 37 °C for 30–60 min. Mix cells by inverting every 
15 min.
 4. Preheat the water bath to 65 °C.
 5. Add 50 μL of 5 M NaCl to the lysate. Immediately mix by 
inverting 2–3 times.
 6. Add 120 μL of 10 % SDS. Immediately mix by inverting 2–3 
times.
 7. Incubate the tube at 65 °C for 15–20 min. The lysate should 
become clear.
 8. Chill the lysate at room temperature for 2 min. Add 240 μL of 
prechilled 5 M potassium acetate (unbuffered). Mix by invert-
ing. Incubate on ice for 30 min.
 9. Centrifuge at 16,000–18,000 × g or 15 min at 4 °C. Move the 
supernatant containing DNA into fresh 1.5 mL centrifuge 
tube.
 10. Add 500 mL of isopropanol. Mix gently by inverting. Incubate 
at RT for 5 min. Centrifuge at 16,000–18,000 × g for 15 min. 
Remove supernatant.
3.2.2 Total DNA Isolation 
from S. lividans
Quick Isolation of Total 
DNA with Potassium 
Acetate Precipitation
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 11. Add 700 μL of 70 % ethanol. Centrifuge for 5 min at 16,000–
18,000 × g. Decant supernatant. Spin for a few seconds and 
remove all liquid. Dry the DNA at room temperature (Never 
dry samples completely because DNA will become insoluble).
 12. Dissolve the DNA in 50 μL of TE buffer (see Note 29).
This protocol is more time consuming but provides a high quality 
and high yield of genomic DNA. The DNA is suitable for any 
downstream manipulations including library construction, genome 
sequencing, PCR, enzymatic digestion.
 1. Transfer 30 mL of 2–3 days old culture of S. lividans into 
50 mL centrifuge tube. Harvest biomass by centrifugation for 
10 min at 5000 × g. Decant supernatant.
 2. Wash cells with 30 mL of STE25 buffer. Resuspend cells in 
5 mL of STE25 buffer containing RNase A (20 μg/mL) and 
lysozyme 5 mg/mL. Incubate at 37 °C for 30–60 min. Mix 
cells by inverting every 15 min. Control the lysis by mixing 
10 μL of cells with 1 μL of 10 % SDS on glass microscopy slide.
 3. Add 140 μL of Proteinase K solution, mix by inverting several 
times. Add 600 μL of 10 % SDS, mix by inverting. Incubate 
55 °C for 2 h. Mix occasionally.
 4. Add 2 mL of 5 M sodium chloride solution, mix thoroughly 
by inverting.
 5. Add 5 mL of chloroform. Mix by inverting for 10 min at room 
temperature (see Note 30). Centrifuge for 5 min at 3000 × g  
at 20 °C. Transfer aqueous (upper) phase to a fresh 50 mL 
tube.
 6. Repeat step 5.
 7. Transfer aqueous (upper) phase to a fresh 50 mL tube. Add 
100 μL of RNase A. Incubate at 37 °C for 30 min.
 8. Add 5 mL of isopropanol. Gently mix by inverting. DNA will 
appear as white hank of filaments. Spool DNA onto sealed 
Pasteur pipette, transfer into 2 mL tube with 1.5 mL of 70 % 
ethanol. Centrifuge for 3 min 15,000 × g. Wash DNA with 
2 mL of 70 % ethanol. Dry and dissolve in 1–2 mL of TE at 
55 °C.
4 Gene Expression Control Elements for Use in Streptomyces
Genes originated from streptomycetes are usually expressed in 
S. lividans from their own promoters. However, often when genes 
from other bacteria are cloned into S. lividans the transcriptional 
and translational control elements should be provided to insure 
proper expression. Features of some of the widely used Streptomyces 
promoters are summarized in Table 3.
3.2.3 High Quality 
Genomic DNA Isolation
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Table 3 
Streptomyces promoters used in expression vectors
Promoter Description Reference
ermEp Strong, constitutive promoter from erythromycin resistance gene, partially 
inducible in S. erythreae.
[58]
ermEp* Modification of ermEp with increased activity. Strong, constitutive. [59]
actIp Promoter of major actinorhodin biosynthesis operon of S. coelicolor. Strong, 
temporally controlled. Activity of actIp requires actII-ORF4 gene product.
[60]
vsi Promoter of the highly secreted subtilisin inhibitor (VSI) of S. venezuelae 
CBS762.70, strong, constitutive.
[61]
hrdBp Promoter of RNA polymerase principal sigma factor gene from S. coelicolor. 
Strong, constitutive.
[62]
kasOp* Modified promoter of cpkO (kasO) gene from S. coelicolor coelimycin P1 gene 
cluster. Strong, constitutive. Shown to be more active than ermEp* and 
SF14p.
[63]
A1p-D4p Library of synthetic promoters with consensus −10 and −35 sequences 
recognized by HrdB sigma polymerase. Constitutive promoters of different 
strengths are available. Activity of the strongest variant does not exceed the 
activity of ermEp*.
[64]
P21p Library of synthetic promoters based on −10 and −35 sequences of ermEp1. 
Constitutive promoters of different strengths are available. Activity of the 
strongest variant P21 exceeds the activity of ermEp* by 1.6-fold.
[65]
tipAp Strong, thiostrepton inducible promoter from S. coelicolor. Induction range 
up to 200-fold. Requires TipA protein for activation. Leaky.
[66]
tcp830p Strong, tetracycline inducible promoters combining ermEp1 sequence and tet 
operators from E. coli Tn5. Induction range up to 270-fold in the case of 
tcp830p. Requires TipA protein for activation. Leaky.
[67]
T7p T7p/T7 RNA polymerase system adopted from E. coli. Strong, thiostrepton 
inducible. Large range of induction, suitable for transcription of long DNA 
fragments. Tightly controlled, not leaky. Strain construction required.
[68]
nitAp Nitrilase gene promoter from Rhodococcus rhodochrous. Strong, inducible 
with ε-caprolactam. Requires repressor gene nitR. Tightly controlled and 
expression level strictly depends on inducer concentration.
[69]
P21pCymO Strong inducible promoter system. Inducer cumate. Tightly controlled and 
expression level strictly depends on inducer concentration.
[70]
P21RolO Strong inducible promoter system. Inducer resorcinol. Tightly controlled 
and expression level strictly depends on inducer concentration.
[70]
gylP Glycerol-inducible promoter from S. coelicolor. Requires gylR regulator for 
activity.
[71]
TREp Temperature-induced promoter from S. nigrifaciens plasmid pSN22. 
Requires traR gene for activity. Induced by incubation at 37 °C.
[72]
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The promoter of the erythromycin resistance gene from 
S. erythreae is one of the most studied and used in Streptomyces 
genetics [58]. The original ermEp region contains two different 
promoters, ermEp1 and ermEp2 [59]. Deletion of TGG in the −35 
region of the ermEp1 resulted in a higher initiation rate. This new 
upregulated variant was named ermEp* and has been used in num-
erous applications including construction of expression vectors.
The use of housekeeping gene promoters from the host bacte-
ria may improve expression of the target gene since many of them 
(e.g., those encoding ribosomal proteins, RNA polymerase, etc.) 
are usually transcribed at very high level. A panel of housekeeping 
gene promoters were characterized for S. albus and S. lividans 
expanding the choice of promoters to be used for gene expression 
[73, 74]. However, activity of these promoters may be susceptible 
to changes in growth conditions and other internal and external 
factors. As an alternative to native streptomycete promoters, syn-
thetic promoters could be used. In such case transcription of the 
target gene is less dependent on the host factors. Several reports of 
generating synthetic Streptomyces promoters have been published 
[63, 75]. Virolle et al. generated a set of 38 synthetic promoters of 
different strength by randomizing the spacer region between the 
−10 and −35 consensus sequences of Streptomyces promoters rec-
ognized by the major vegetative sigma factor HrdB [64]. A similar 
approach was used in our laboratory to generate a library of 
Streptomyces synthetic promoters based on the −10 and −35 seq-
uences of ermEp1 [65]. The library of 56 synthetic promoters has 
activity ranging from 2 to 319 % compared to parental ermEp1. 
The great advantage of both these libraries is the small size of 
 promoters (up to 45 bp). This allows inserting the promoter of 
choice into the primer for target gene amplification.
Several inducible promoter systems are also used in Streptomyces 
genetic manipulations. The tipAp promoter is able to boost tran-
scription of tipA gene in the presence of thiostrepton [76]. tipAp 
is a strong promoter activated up to 200-fold in S. lividans follow-
ing addition of thiostrepton to the culture medium [66, 77]. This 
promoter has, however, several drawbacks: the thiostrepton resis-
tance gene is necessary in many cases to protect host cells against 
toxicity from the inducer compound; tipAp is a leaky promoter 
that cannot be fully repressed due to the nature of its regulation 
[78]. Despite these disadvantages tipAp remains the most used 
inducible promoter in Streptomyces genetics.
Several other inducible systems are available for gene expres-
sion in Streptomyces. A set of synthetic inducible promoters based 
on ermEp1 and tetO1/O2 TetR operators from the E. coli transpo-
son Tn10 were reported to be tightly regulated [67]. Similarly, an 
E. coli T7-polymerase based expression system was adapted for use 
in streptomycetes [68]. However, this system requires construction 
and is currently available only in S. lividans. The nitAp promoter 
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of the nitrilase gene and the corresponding regulator NitR of 
 actinomycetes Rhodococcus rhodochrous are also adopted for gene 
expression in streptomycetes [69]. Expression from nitAp is 
induced by ε-caprolactam and is highly dose-dependent. nitAp/ 
nitR based vectors are often used for protein production in S. livi­
dans. Similar systems were adapted from Pseudomonas putida and 
Corynebacterium glutamicum [70]. They are based on cumate and 
resorcinol dependent transcriptional repressors CymR and RolR 
and their operator sequences. Used inducer compounds are non-
toxic, inexpensive, water-soluble and they easily penetrate cells. 
Both systems showed dose-dependent induction profiles that allow 
the modulation of gene expression by varying the concentration of 
inducer. Unfortunately, the cloning into existing vectors carrying 
these inducible expression systems is somewhat limited.
In summary, a set of vectors with well-characterized promoters 
of different strengths for gene expression in streptomycetes are 
available. If strong and constitutive expression is required promot-
ers of major housekeeping genes or well-studied promoters from 
secondary metabolism genes would be a preferable choice. How-
ever, if inducible gene expression or tuned expression of genes or 
operons is desired several natural and artificial inducible promoter 
systems are available.
The correct termination of transcripts influences their stability. 
The use of terminators in cloning vectors ensures controlled 
expression of the target gene from the desired promoter and pre-
vents their expression from promoters of vector components. 
Several rho-independent terminators have been characterized and 
used in streptomycetes. Cloning of the S. fradiae aph gene termi-
nator downstream of the human interferon gene significantly 
improved production of this protein in S. lividans presumably by 
preventing generation of long unstable transcripts [79]. This ter-
minator was found to provide 90 % termination efficiency. Most 
used terminators in Streptomyces genetics originate from E. coli 
bacteriophages fd (tfd) [80] and λ (t0) [81].
 1. Primers designed as described in the Methods section (see 
Subheading 4.2).
 2. Phusion® high fidelity DNA polymerase or any other thermo-
stable DNA polymerase with proofreading activity.
 3. The cloning vector of choice and appropriate restriction endo-
nuclease enzymes to perform the cloning.
 1. Primers designed as described in the procedure section.
 2. The plasmid carrying promoter cassette of choice (accession 
numbers: hyg: strong promoter: KP234256; moderate pro-
moter KP234259; weak promoter: KP234261; aadA: strong 
promoter KP234258; moderate promoter KP234260; and 
aac(3)IV: strong promoter KP234257).
4.1 Materials
4.1.1 Cloning of Target 
Gene Under Control 
of Synthetic Promoter 
of Choice
4.1.2 Modification 
of Large Clones 
by Insertion of Promoter 
Cassettes
Amplification of Activation 
Cassette
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 3. Phusion, Taq or any other thermostable DNA polymerase. 
BamHI and HindIII endonuclease enzymes, thermocycler.
 4. Agarose gel system, power supply, TAE buffer, gel DNA puri-
fication kit (for example QIAquick Gel Extraction Kit but any 
other commercial kits can be used).
 1. E. coli BW25113/pIJ790, BAC or cosmid to be modified, 
PCR product from previous procedure.
 2. Electroporator, 0.2 cm electroporation cuvettes, microcentri-
fuge, shaker incubator for 37 °C, incubator for 37 °C, ice bath, 
15 mL culture tube, 1.5 and 2 sterile microcentrifuge tubes.
 3. LB and LB agar media, chloramphenicol and antibiotics for 
selection of BAC and promoter cassette of choice (hygromy-
cin, apramycin or spectinomycin), sterile distilled water, sterile 
10 % glycerol solution, sterile 10 % arabinose solution (filter 
sterilized).
 4. Primers for verification of activation cassette integration, Taq 
DNA polymerase, thermocycler.
 1. E. coli ET12567 (pUB307 or pUZ8002) harboring pUWLint31 
plasmid with φC31 integrase gene [82].
 2. Liquid TSB media, MS agar plates, LB agar, thiostrepton, anti-
biotics for promoter cassette selection and vector selection.
 3. Verification primers, Taq DNA polymerase and thermocycler.
Below we will describe the procedure for cloning of the target gene 
for functional expression in S. lividans. In many cases the vectors 
provide the promoter for gene expression. However, the choice of 
restriction nucleases that can be used is limited by the vector 
Multiple Cloning Site. In addition, the choice of promoters is lim-
ited. Majority of Streptomyces expression vectors are built around 
ermEp and tipAp. In most cases these promoters will be sufficient 
for functional expression of the target gene. However, if a specific 
tuning of gene expression or particular vector is required the pro-
moter sequence can be introduced into the construct by PCR. The 
promoters of different strength can be obtained from the synthetic 
library [65]. The procedure for cloning of desired gene into 
pSOK101 vector under control of synthetic promoter is described 
below. The same procedure can be used for other Streptomyces 
vectors.
 1. Primers design. The forward primer for cloning of the target 
gene should be designed in the following way: TATGG 
ATCCTGTGCGGGCTCTAACACGTCCTAGTATGGTAG
GATGAGCAA(NNNNNNAAAGGAGGNNNNN)A/CTG
NNNNNNNNNNNNNNNNNNNN
GGATCC—BamHI cloning site.
Recombination Procedure
Marker Removal
4.2 Methods
4.2.1 Cloning of Target 
Gene Under Control 
of Synthetic Promoter 
of Choice
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P21 promoter sequence is underlined. −10 and −35 promoter 
regions shown in bold.
If needed the RBS sequence can be included in the primer (in 
scopes). If gene of interest will be cloned with its own RBS the 
additional RBS in the primers is not needed.
N indicates the region annealing to the target gene (italic).
 2. Reverse primer should include EcoRI or KpnI site. If needed 
the terminator sequence can be included into reverse primer 
similar to promoter sequence in the forward primer.
tfd TTAAAGGCTCCTTTTGGAGCCTTTTTTTTT
 3. PCR and cloning procedure are performed according standard 
protocols (see Note 31).
In case the library is built on cosmid or BAC vectors a different 
approach can be used to reprogram the transcriptional regulation 
of the target gene or operon. For this purpose the promoter can be 
introduced as a cassette containing resistance marker by means of 
Red/ET recombination technique (Dr. Myronovskyi, unpublished 
data). Several such cassettes are built including strong, moderate, 
and weak promoters and aac(3)IV, hyg, or aadA resistance genes 
(Fig. 6) (accession numbers: KP234256, KP234259; KP234261; 
KP234258; KP234260 and KP234257). The resistance markers are 
flanked by the modified φC31 integrase recognition sites allowing 
simple removal of the marker from the cassette in S. lividans [82].
 1. Primers have to be designed as follow:
Forward:  NNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNGTCGACCCTCTAGGGTA 
CCCT
Reverse: NNNNNNNNNNNNNNNNNNNNNNNNNNN 
NNNNNNNNNNNNNGTGTAGGCTGGAGCTGCTTC
N—40 bp sequence flanking the region where the promoter 
cassette will be inserted (Fig. 6b). We recommend replacing 
the native gene promoter.
 2. Digest 5–10 μg of plasmid DNA with BamHI and HindIII for 
1 h at 37 °C. Run the digested DNA on gel and purify the 
band that corresponds to 1.3 kb fragment (promoter cassette 
with hyg marker) from gel.
 3. Amplify the cassette using long primers from step 1. The 
annealing temperature for amplification with Taq polymerase 
should be 52 and 62 °C for Phusion polymerase.
 4. Purify the PCR product from gel. Elute DNA from column 
with 10–20 μL of distilled water to gain a concentration of 
DNA of appr. 100–200 ng/μL.
4.2.2 Modification 
of Large Clones 
by Insertion of Promoter 
Cassettes
Amplification of Activation 
Cassette
Expression of Metagenomic DNA in S. lividans and Production Optimization
128
 1. Red/ET recombination. Transform E. coli BW25113/pIJ790 
strain with the cosmid or BAC clone to be modified. Plate on 
LB agar plates containing 30 μg/mL of chloramphenicol for 
pIJ790 selection and appropriate antibiotic for selection of 
BAC. Grow overnight at 30 °C (see Note 32).
 2. Pick one fresh colony of the E. coli BW25113/pIJ790 carrying 
the BAC clone and inoculate into 15 mL tube with 1 mL of 
fresh LB media supplemented with 30 μg/mL of chloram-
phenicol. Grow at 30 °C till OD600 0.2 (approx. 2–3 h).
 3. Add 30 μL of sterile 10 % arabinose solution to induce expres-
sion of recombinase genes. Grow at 30 °C till OD600 0.4–0.5 
(approx. 2 h).
 4. Transfer cells into sterile 1.5 mL tube. Spin down at 10,000 × g 
for 30 sec.
 5. Wash cells with 1 mL of sterile distilled water three times.
 6. Wash cells with 1 mL of sterile 10 % glycerol. Resuspend the 
cell pellet in the remaining 10 % glycerol.
 7. Mix 50 μL cell suspension with ~100 ng (1–2 μL) of PCR 
product. For electroporation use 0.2 cm ice-chilled electro-
poration cuvettes. Parameter: 200 Ω, 25 μF, and 2.5 kV. Imme-
diately add 1 mL of ice-cold LB and incubate with shaking for 
1 h at 37 °C.
Recombination Procedure
Fig. 6 (a) The structure of promoter cassette. AntR—antibiotic resistance gene; P-GG and B-CC recombination 
sites for antibiotic resistance marker removal [82]. (b) Scheme of promoter replacement and antibiotic resis-
tance gene removal
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 8. Plate cell onto LB containing antibiotics for selection of BAC 
and promoter cassette. Incubate overnight at 37 °C.
 9. Verify the correct integration of cassette by colony PCR or 
restriction endonuclease mapping (see Note 33).
In case the marker in the promoter cassette should be reused, it can 
be removed by expression of φC31 integrase in the recombinant 
S. lividans strain. If the used vector is based on φC31 integration 
system the marker will be removed during conjugation (efficiency 
of removal 50–95 % after one passage).
 1. Conjugate the pUWLint plasmid into strain harboring the 
constructed cosmid or BAC clone with the promoter cassette. 
Select exconjugants on thiostrepton-containing medium.
 2. Plate one colony on MS media containing thiostrepton 
(30 μg/mL) to obtain lawn growth. After 4–5 days scrape 
spores and prepare the spore suspension.
 3. Plate serial dilutions of spore suspension in TSB on MS plates 
without antibiotics.
 4. Pick 20 colonies from dilutions plating and transfer on 
LB agar plates with antibiotic for selection of promoter cas-
sette and LB agar plates with antibiotic for vector selection. 
Select the colonies that are not growing in presence of the first 
antibiotic.
 5. Verify the removal of antibiotic resistance marker by PCR with 
the same primers that were used for verifying the integration of 
promoter cassette.
5 Integration of the Gene of Interest Under the Control of the Promoter of Choice 
into S. lividans Chromosome via Homologous Recombination Using pAMR4- Based 
System
Here we describe the procedure for the insertion of the gene of 
interest under the control of a selected promoter into the S. livi­
dans TK24 chromosome via homologous recombination using 
pAMR4-based vector system. The strategy is described in Fig. 7.
 1. Primers designed as described in the Methods section (see above).
 2. Pfu DNA polymerase or other proof reading DNA 
polymerase.
 3. The cloning plasmid pAMR4, appropriate restriction enzymes, 
T4 DNA ligase.
 4. Competent cells from appropriate E. coli cloning host strain 
(e.g., E. coli DH5α).
Removal of the Marker
5.1 Materials
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 5. Agarose gel system, power supply, TAE buffer [83], gel DNA 
purification kit (e.g., commercial QIAquick Gel extraction kit, 
Qiagen).
 6. Solid LB agar medium [83] with apramycin (50 mg/mL).
 7. Solid MS agar medium [15] and solid Bennet medium [13] 
apramycin (50μg/mL) or kanamycin (50μg/mL).
 1. Amplify 3 kb DNA fragment by PCR using the S. lividans 
TK24 chromosomal DNA as a template and a pair of primers 
containing 24 bp homologous regions from the 3 kb region 
upstream the S. lividans TK24 actinorhodin gene cluster (con-
taining genes SLIV_12905 to SLIV_12920; Fig. 7) flanked at 
the 5′ end with the sequence containing SpeI and MfeI recog-
nition sites (5′-CCCCCACTAGT and 5′-CCCCCAATTG), 
preferentially using Pfu proofreading DNA polymerase.
 2. Extract the mixture by phenol/chloroform and chloroform, 
add 5 μg of glycogen (Roche), and precipitate with ethanol. 
Dissolve in water, digest with SpeI and MfeI, and purify the 
DNA fragment after preparative agarose electrophoresis by 
some commercial kit (Qiaprep etc.). Clone the fragment into 
pAMR4 digested by SpeI and MfeI by standard protocol [83].
 3. Similarly amplify and clone downstream region of the 
 actinorhodin cluster (containing genes SLIV_13035 to 
5.2 Methods
Fig. 7 Scheme of the act cluster replacement in S. lividans TK24 by the rfp1 gene for red fluorescent protein under 
the control of the ermEp promoter using the plasmid pRFP1. This plasmid contains 3 kb DNA regions upstream and 
downstream of the act cluster cloned in pAMR4, followed by cloning of the rfp1 gene controlled by ermEp and 
terminated by the fd terminator. Thick arrows denote the direction and size of genes. Bent arrow indicates 
the position of the ermEp promoter. Gene labeling is based on the genomic sequence of S. lividans TK24 (GenBank 
Acc. No. CP009124)
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SLIV_13045; Fig. 4) between AflII and HindIII sites in the 
previous resulting recombinant plasmid.
 4. Clone the gene of interest or cluster of genes (in the example 
case containing rfp1 gene under the control of the ermEp pro-
moter and followed by the strong fd terminator, Fig. 7) in the 
previous resulting recombinant between MfeI and ClaI sites, 
resulting in the final pRFP1 recombinant plasmid (Fig. 7).
 5. Transfer the plasmid by conjugation into S. lividans TK24 with 
selection to apramycin resistance (as already described in this 
chapter).
 6. Pick up spores from one blue colony into 100 μL of sterile 
water and spread them to a plate with solid Bennet medium 
and grow for 7 days at 28 °C to complete grey sporulation.
 7. Repeat the procedure of non-selective sporulation.
 8. Perform several dilutions of the spores and spread them on a 
plate with solid Bennet medium and grow for 7 days at 28 °C 
to complete sporulation.
 9. Pick up several white colonies and prepare spore stocks (as 
already described in this chapter).
 10. Test the kanamycin sensitive phenotype after spreading to 
Bennet medium with kanamycin.
 11. Verify the correct integration by Southern blot hybridization 
or by PCR as described in ref. 83.
6 Fermentations with Recombinant S. lividans
After construction of a recombinant S. lividans with the heterolo-
gous gene or gene cluster of interest, culturing conditions should 
be optimized in a bioreactor and upscaling needs to be conducted. 
Medium optimization is required to determine a culture medium 
that ensures good biomass growth as well as high product yield, 
and preferably also high productivity. Sufficient biomass needs to 
be formed since the final product yield will be proportional to the 
amount of cells in the reactor. Sufficient biomass needs to be 
formed since the final product yield will be proportional to the 
final amount of cells in the reactor, but growth and product forma-
tion are not always occurring simultaneously. D’Huys and coau-
thors [84] observed a distinct difference in protein yield (in this 
case, for mTNF-α) during exponential growth and the stationary 
phase, where the protein yield in the stationary phase was the high-
est. This might not be so surprising since active biomass formation 
imposes competition for building blocks (amino acids), energy 
(ATP, GTP), and reductive power (NADPH). In case of protein 
production, protease activity can occur during the stationary phase 
and typically when pH rises [11]. Hence, the optimal fermentation 
time for production needs to be determined.
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This section provides a basic protocol for benchtop bioreactor 
experiments which can form the start in the production process 
optimization and upscaling. Whereas many screenings are com-
monly performed in shake flasks, which are time- and cost-effective 
experiments, bioreactors have the great advantage of process con-
trol. On the one hand, process parameters can be kept constant at 
optimal values, e.g., dissolved oxygen, pH, temperature. On the 
other hand, process operation can be adjusted from batch to fed- 
batch or even to continuous modus. A controlled substrate feeding 
during a fed-batch process can in some cases increase biomass for-
mation and potentially heterologous product secretion by avoiding 
by-product formation related to overflow metabolism (e.g., [85, 86]). 
Operational parameters (e.g., stirrer speed, aeration rate) as well as 
medium requirements (e.g., composition, C/N ratio), which need 
optimization, are mentioned.
For general growth media and media for inoculum preparation: see 
Subheading 2.1. Two basic media for fermentation studies are the 
following:
 1. Minimal medium (MM; adjusted from [87]): Per liter, use 
1.8 g NaH2PO4 (Sigma—S0751), 2.6 g K2HPO4 (Chem-
Lab—CL00.1156), 0.6 g MgSO4 · 7H2O (Chem-Lab—
CL00.1324), 3 g (NH4)2SO4 (Chem-Lab—CL00.0148), 
10 g glucose (Fisher—G/0500/60), 25 mL trace elements 
solution (see Note 34).
 2. Trace element solution (40× concentrated): dissolve 40 mg 
ZnSO4 · 7H2O (Chem-Lab—CL00.2629), 40 mg FeSO4 · 
7H2O (Fluka—44970), 40 mg MnCl2 · 4H2O (Acros—
205895000), 40 mg CaCl2 (Sigma—21074) in 1 L deionized 
water. Filter- sterilize (0.2 μm) and store at 4 °C away from the 
light (see Note 35).
 3. Modified minimal liquid medium (NMMP): minimal 
medium supplemented with 5 g/L Casamino acids (Bacto 
DB) (see Note 36).
 1. Any commercial bioreactor for microbial fermentations can 
be used. Rushton turbines are suitable for Streptomyces 
fermentation.
 2. For pH control, prepare a 1 M KOH and a 1 M H2SO4 solu-
tion. Autoclave solutions in the addition flask with addition 
tubes attached (see Note 37).
 3. For foam prevention, acquire an antifoaming agent such as 
Antifoam Y-30 (Sigma, A5758). Autoclave and add desired 
amounts to the medium during the fermentation to avoid 
excessive foam formation (see Note 38).
6.1 Materials
6.1.1 Fermentation 
Media
6.1.2 Bioreactor
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Standardization for reproducible culturing of S. lividans in physi-
ological and fermentation studies is important and starts with a 
suitable inoculum preparation. Precultures can be started from (1) 
a mycelium stock prepared in a complex rich medium (e.g., 
phage medium) with 20 % glycerol frozen at −80 °C, (2) a spore 
suspension in water with 20 % glycerol frozen at −20 °C (see 
Subheading 2.2.2), or (3) a fully developed culture (i.e., aerial 
mycelium showing grey spores) formed on a mannitol soya (MS) 
agar plate (which is less than 3 weeks old). Precultures are prefer-
ably subcultured twice to avoid history effects of storage and to 
obtain sufficient biomass. Prior to inoculation, the preculture is 
washed to remove spent medium from the preculture. The cells are 
washed with a saline solution and resuspended in fresh bioreactor 
medium, i.e., the medium that will be used in the bioreactor 
experiment.
A basic preculturing method:
 1. Scrape aerial mycelium and spores from the MS agar plate with 
a loop needle and bring the cell material in 5 mL Phage 
medium in a test tube (repeat three times).
 2. Incubate the test tubes shaken at 250–300 rpm for 48–60 h at 
27–30 °C.
 3. Collect the preculture in an Elvehjem homogenizer and 
homogenize.
 4. Transfer 1 mL in 50 mL Phage medium in a 250 mL baffled 
shake flask (see Note 39).
 5. Incubate on an orbital shaker at 250–300 rpm for 24–48 h at 
30 °C.
 6. Collect culture broth in a centrifuge tube.
 7. Centrifuge for 10 min at 3200–4000 × g and discard the super-
natant (gently such that the pellet stays intact; if necessary use 
a pipette to remove spent medium).
 8. Resuspend the pellet in a small aliquot (few mL) of 0.9 % w/v 
sterile saline solution, vortex and repeat step 6.
 9. Resuspend the pellet in a small aliquot (few milliliters) of fresh 
bioreactor medium.
 10. Inoculate the bioreactor (see Note 14).
Media for research purposes focusing on in-depth characterization 
of understanding, e.g., metabolic flux analysis, require a minimal 
medium containing a single carbon and nitrogen source (e.g., 
MM). A richer medium is more suitable for preliminary testing of 
expression, e.g., NMMP.
Media for production can be very diverse and are typically 
undefined complex media, e.g., NMMP, TSB, NB. Amino acids 
are typically supplied from a protein hydrolysate, e.g., casamino 
acids results from a casein hydrolysate, or result from the degradation 
6.2 Methods
6.2.1 Inoculum 
Preparation
6.2.2 Medium Selection
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of proteins by proteolytic enzymes secreted by the strep tomycetes. 
Soya flour is one of the most commonly used protein sources in 
streptomycetes fermentation media. Pharmaceutical applications 
may, however, require a defined medium composition in which the 
amino acid composition can be optimized, e.g., [88]. Finally, addi-
tion of precursors for secondary metabolites can also reside in 
higher product yields, e.g., [89]. NMMP is a basic medium appli-
cable for starting screening of heterologous expression in S. livi­
dans TK24.
The following protocol describes a batch fermentation in a stan-
dard 5 L benchtop bioreactor.
 1. Fill the reactor with medium and autoclave (see Notes 36  
and 40).
 2. Add sterile trace element solution to obtain the desired final 
medium composition.
 3. Set process operation conditions (see Note 41).
 (a) Temperature: 30 °C.
 (b)  pH: 6.8 (control by automatic addition of 1 M KOH and 
1 M H2SO4).
 (c) Agitation speed: 400 rpm (see Note 42).
 (d) Aeration: 2 L/min compressed air (see Note 43).
 (e) DO control: – (see Note 44).
 4. Add 500 μL/L of Y-30 antifoaming agent (see Note 45).
 5. Inoculate the bioreactor with the desired amount of washed 
preculture (see Note 46).
The fermentation for S. lividans wild-type strain takes typically 
48–72 h. The duration is determined by the doubling time during 
exponential growth and thus by the nutritional properties of the 
medium as well as the metabolic burden imposed by metagene 
expression. Since secretion is often observed in the (early) station-
ary phase, the culture is typically maintained for a determined 
period in this condition. Proteolytic activity may cause degradation 
of secreted heterologous proteins and determines the final fermen-
tation time.
Quantification of product yield as well as evaluation of the growth 
dynamics in the bioreactor requires the determination of the 
 biomass concentration (or amount) in the bioreactor. A suitable, 
common way for quantification of the biomass dry weight reads as 
follows.
 1. Dry at 105 °C and pre-weigh a micropore filter (0.22 μm, 
PES, ∅ 45 mm).
6.2.3 Small-Scale Batch 
Fermentations
6.2.4 Biomass 
Determination
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 2. Put filter on bottle-top vacuum filter system and apply vacuum 
(pump).
 3. Pipette carefully 5 mL of well-mixed culture on the filter 
(see Note 47).
 4. Wash the biomass on the filter with deionized water 
(see Note 48).
 5. Put filter with cells in oven at 105 °C and dry overnight 
(12–24 h) until constant weight.
 6. Calculate the biomass dry weight concentration in the bioreac-
tor (gDW/L).
Product analysis is dedicated and dependent on the type of 
secreted product (e.g., ELISA, enzymatic essays, chromatography, 
mass spectrometry). Nowadays, physiological studies include 
metabolomics analysis on the basis of chromatographic techniques. 
Protocols for endo- and exo-metabolome analysis can be found in, 
e.g., [84] and [90].
Medium and process conditions optimization start with lab-scale 
fermentations in 1–10 L bioreactors. The final and challenging 
phase includes production process upscaling to 5,000–10,000 L 
for high-added value products like biopharmaceuticals, up to more 
than 100,000 L for industrial enzymes. Biological, chemical and 
physical factors impact upscaling and should be carefully evaluated, 
and if possible accounted for beforehand, e.g., [91].
The number of generations (cell divisions) in a large scale pro-
duction will be much higher than in the small bioreactor and a seed 
train (i.e., cells are grown to a particular volume and density 
through a series of increasingly sized fermenters) is set up to inocu-
late the large reactor tank. Consequently, recombinant production 
strains must be stable (e.g., no loss of the plasmid with heterolo-
gous gene) during the seed train and production process. Mixing 
is no longer homogeneous in large-scale bioreactors and local 
 substrate gradients will affect the metabolic capacity of the 
 production strain and the observed overall production yield. 
Increasing stirrer speed avoids heterogeneity but is limited by cell 
damage or lysis due to shear stress and by foaming problems which 
are especially pronounced with filamentous microorganisms grown 
in nutritionally rich media. Besides mixing, transfer of oxygen to 
the liquid phase is slow and critical in large-scale aerobic bioreac-
tors. Oxygen availability is important to maintain desired product 
yields in streptomycetes fermentations.
Empirical relations between geometric, physical and process 
operation parameters (e.g., stirrer speed, tank diameter, impeller 
type, viscosity) and mixing and mass transfer efficiency in large- 
scale bioreactors can be guiding tools in process upscaling and are 
described in many handbooks on bioreactor engineering, e.g., [86, 
6.2.5 Upscaling 
Strategies
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92, 93]. Selection of tank diameter and impeller rotation number 
fix many of these parameters and important tuning parameters in 
large bioreactors. Notwithstanding advancing opportunities for 
computer-based modeling of large reactors at the level of mass 
transfer and metabolic activity, the use of rules of thumb is com-
mon practice. Scale-up strategies can be based on geometric simi-
larity, constant impeller tip speed, constant gassed power per unit 
volume or constant mixing time. For filamentous microorganisms, 
it is recommended to keep the impeller tip speed constant. Whereas 
upscaling for single cell growing microorganisms is preferably 
based on a constant DO strategy [94].
7 Notes
 1. Addition of CaCl2 · 2H2O and CuSO4 to the medium before 
autoclaving will result in precipitation.
 2. When using salt-sensitive antibiotics (e.g., kanamycin, apramy-
cin), Ca2+ and Cu2+ can hinder antibiotic activity. It is therefore 
sometimes desirable to omit these components from the 
medium. This is possible, but will result in slower growth of 
the S. lividans colonies.
 3. S. lividans, and many other Streptomyces spp., grow in pellets. 
The Potter cell homogenizer (also known as tissue grinder), 
consisting of a glass tube and a Teflon piston, is used to homog-
enize the pellets in the precultures.
 4. TSB is used routinely as standard rich medium. However, a 
variety of other rich media are possible for the growth of 
Streptomyces spp. [15].
 5. The syringe, containing nonabsorbent cotton wool will be used 
as a filter to separate the spores from mycelium fragments.
 6. E. coli S17-1 cells are methylation proficient and can be used 
for the conjugational transfer of DNA to S. lividans. For other 
species, it might be necessary to use the methylation deficient 
ET12567 strain.
 7. Using cheap, regular soya flour from any supermarket yields 
the same result as using the expensive flour from specialized 
growth media suppliers.
 8. For S. lividans, 0.8 % of glycine is added to the culture. This 
concentration can vary from 0.5 to 1 % for other Streptomyces 
spp.
 9. While PEG 6000 can be obtained from different suppliers, it 
should be noted that testing PEG from different origin results 
in large differences in protoplast transformation efficiency.
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 10. Spore suspensions can also be inoculated directly into 5 mL 
phage medium (~106 spores) and the same holds true for glyc-
erol stocks (50–100 μL). This is a more logical step if there is 
no later need for colonies on plate since it allows researchers to 
skip growing S. lividans on plate which takes 2–3 days.
 11. This culture can also be used for preliminary tests (e.g., enzy-
matic activity), but it is important to note that the Phage 
medium is mostly geared towards biomass formation and 
that other media (such as TSB) are better suited for 
enzyme/secondary metabolite production.
 12. In general, the pelleted growth of S. lividans does not interfere 
with later experiment. Should there be a problem after all, it is 
possible to reduce the pellet formation by using flasks contain-
ing baffles. A simple baffle can be obtained by inserting a stain-
less steel spring (30 cm length, 1.3 cm diameter, 19sw gauge) 
into an Erlenmeyer flask. Alternatively, 2 mm glass beads can 
be used. If this still does not sufficiently solve the problem, 
addition of 34 % sucrose, which S. lividans cannot catabolize, 
can further reduce pellet formation. Finally, it is also possible 
to achieve a more dispersed growth by use of other media, 
containing PEG or Junlon, both of which favor dispersed 
growth (see [15]).
 13. Incubate the plates until the entire culture lawn shows the 
dark-grey color of Streptomyces spores. A white or light grey 
color indicates the presence of non-sporulating aerial myce-
lium which will result in a lower final yield.
 14. When starting from a glycerol stock, inoculate into 3 mL LB- 
medium + antibiotic and grow for 5–6 h. Dilute this preculture 
for the overnight incubation described above.
 15. Drying the MS plates for 1 h in a laminar flow hood before 
plating greatly helps absorbing the 1 mL suspension added in 
the following step.
 16. Apramycin and/or kanamycin resistance are the most often 
used selection markers; for these, add 1 mg per plate. For thio-
strepton, add 750 μg per plate. When using apramycin, add the 
nalidixic acid first to the suspension.
 17. Spreading the solution can be done either with a spreader, very 
lightly, barely touching the plate, or manually, gently shaking 
the plate in a rotating movement.
 18. The time needed for lysozyme treatment to form sufficient 
protoplasts varies greatly between strains. For S. lividans, we 
find that 15–20 min is usually enough while other strains (e.g., 
S. coelicolor) may require up to 60 min. It should also be noted 
that S. lividans will not lyse when incubated for longer periods 
(up to 1 h), but the same does not hold true for other 
Streptomyces spp.
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 19. Protoplasts will be visible under the microscope as spheres 
among the mycelial clumps of S. lividans. The protoplasts 
should fill the majority of the microscopic field. If there are few 
protoplasts visible, a prolonged incubation is advised since oth-
erwise the final yield will generally be poor.
 20. Thawing the protoplast suspension is best done in either a 
warm water bath (40–45 °C) or by gentle shaking of the fro-
zen tube under running warm water.
 21. For ligation mixtures, we routinely plate one mixture on four 
R2 plates (4× 150 μL). In the case of transformation with pure 
DNA, it might be desirable to make tenfold dilutions in PTC 
and then plate the protoplasts.
 22. Grow the culture in presence of glass bead (5–10 mm diame-
ter, 10–20 beads per 50 mL flask) or stainless-steel spring with 
the ends hooked to form a circle. This will result in more dis-
perse growth of mycelia allowing better lysis. Use 2–5 times 
lower antibiotics concentration than in solid media (apramycin 
20 μg/mL, thiostrepton 10 μg/mL). Use 0.2–0.3 g of wet 
biomass for each tube. Too much of biomass will lead to vis-
cous lysate and thus in poor precipitation of proteins, too few 
will lead to low yield of pDNA.
 23. Washing will remove the extracellular nucleases, proteinases 
and polysaccharides.
 24. This step is optional. It will remove the traces of SDS and salts.
 25. Incubating for 15 min will increase the plasmid yield.
 26. The buffer should drain completely.
 27. The QIAGEN-tip 100 can accommodate up to 12 mL of 
lysate. Store the remaining 12 mL of lysate on ice. Repeat 
steps 7–11 with the same tip and remaining lysate.
 28. For large construct over 50 kb pre-warming the QF buffer to 
65 °C might increase the yield.
 29. Incubation of tubes at 55 °C will accelerate DNA dissolving. 
Do not pipette, this will shear the DNA.
 30. This step is crucial for DNA isolation. Intensive mixing will 
result in shearing the DNA and it’s loss. Not enough mixing 
will result in protein contamination of samples. We do not rec-
ommend using shaker.
 31. Calculate the primers melting temperature only for the region 
that will anneal to the target gene.
 32. pIJ790 will be lost at 37 °C.
 33. For PCR verification, primers annealing approximately 100 bp 
outside of the cassette integration site will usually produce 
both modified size fragment and wild-type fragment. The lat-
ter results from the remaining wild-type DNA that will be lost 
during re-transformation.
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 34. Some modifications are made as compared to the minimal 
medium by [87]. The concentration of (NH4)2SO4 is increased 
1.5 times such that growth becomes carbon-limited. PEG 
6000 (polyethylene glycol) is removed to avoid foam forma-
tion in the bioreactor and avoid interference with offline mea-
surements, e.g., dry weight, chromatographic analyses.
 35. Prior to use, the solution needs to be well mixed to obtain a 
homogeneous solution. The required volume is added to the 
medium in the bioreactor or shake flask which has been 
autoclaved.
 36. If possible, prepare and autoclave the glucose solution sepa-
rately from the other compounds to avoid Maillard reaction 
(brown color formation) between glucose and amino acids or 
peptides in the medium during autoclaving. Glucose solutions 
are poured into the bioreactor using a sterile funnel or pipetted 
into a shake flask.
 37. Use more concentrated base and acid solutions (from 1 to 
4 M) when pH changes during the fermentation are consider-
able as base/acid addition alters the medium volume too 
drastically.
 38. Y-30 is an aqueous-silicone emulsion. Mix (shake) the anti-
foaming agent well before pipetting to remove phase separa-
tion. Other antifoaming agents can also be suitable.
 39. Other medium volumes may be used in the second precultur-
ing step but a typical volume ratio of 1/50 is applied for inocu-
lation, and a shake flask should not contain too much medium 
to allow sufficient oxygen transfer from the head space.
 40. Follow instructions from the manufacturer. Calibrate pH 
 electrode prior to autoclaving the reactor with medium. Calibrate 
the dissolved oxygen probe after autoclaving at the operational 
parameters of temperature, stirring speed and aeration flow.
 41. Process operation parameters can be altered depending on the 
strain and medium. Temperature is typically set at 28 or 30 °C. 
pH is typically chosen around neutrality (pH 6.8–7.3).
 42. Too high stirrer speeds induce excessive foam formation and 
fragmentation of the biomass which can negatively affect expres-
sion. Streptomycetes are known to be sensitive to shear stress.
 43. To keep the dissolved oxygen concentration high enough dur-
ing the fermentation, oxygen enriched air (up to 40 %) can be 
used for sparging, in case of high-value products.
 44. Streptomyces grows aerobically. To prevent the dissolved oxy-
gen in the medium to drop drastically, the DO control of the 
bioreactor can be used to keep a set-point of 30 %. Aeration 
(flow rate of compressed air) and agitation (rotation per minute) 
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are automatically increased by a master–slave controller action 
to keep the DO constant. Maximum aeration speed and agita-
tion speed should be selected such that excessive shear stress 
and foam formation are avoided.
 45. Foam formation becomes a huge problem in rich media with a 
lot of soy meal and when working at high cell densities requir-
ing high aeration rates to keep the culture aerobic. Add more 
antifoaming agent when excessive foam formation is observed.
 46. The bioreactor is typically inoculated at 5–10 % v/v (precul-
ture/medium volume), e.g., a bioreactor with 3 L medium is 
inoculated with 4× 50 mL preculture.
 47. Heterogeneous pipetting and loss of cell pellets can greatly 
affect the measurement. Vortex before each pipetting action.
 48. This wash step removes salts remaining on the filter and caus-
ing an overestimation of the dry weight. In many studies and 
literature sources, this rinsing step is not included and the dry 
weight is overestimated.
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